We analyzed HIV viral load (VL) and CD4 count changes, and antibody responses following MMR vaccination of individuals in the U.S. Military HIV Natural History Study cohort. Cases receiving at least one dose of MMR vaccine after HIV diagnosis were matched 1:2 to HIV-positive controls not receiving the vaccine. Baseline was defined as time of vaccination for cases and indexed and matched to the time post-HIV diagnosis for controls. Changes in CD4 count and VL at 6, 12, 18 and 24 months were compared between cases and controls using a general linear model. Available sera from cases were tested for MMR seropositivity at baseline and post-vaccination at 6, 12, 18, and 24 months. Overall mean CD4 count change from baseline through 24 months was 20 (±23) cells/L greater for cases than controls (p = 0.39). Similar non-significant changes in CD4 cell count were seen in the subset of those not on HAART at baseline. VL changes were small and similar between groups (mean differential change −0.04 (±0.18) log 10 copies/mL; p = 0.84). Of 21 vaccinated participants with baseline serologic testing, 14 (67%) were reactive to measles, 19 (91%) to mumps, and 20 (95%) to rubella. Three (43%) of 7 participants nonreactive to measles developed measles IgG; for mumps, 1 (50%) of 2 developed mumps IgG; for rubella, 1 (100%) developed rubella IgG. MMR vaccination did not result in detrimental immunologic or virologic changes through 24 months post-vaccination.
Introduction
In the setting of 90-93% coverage with measles, mumps and rubella (MMR) vaccine in the U.S., there continue to be outbreaks of both measles and mumps, highlighting the importance of continued vaccination efforts [1] . In 2007, a Japanese child attending an international youth sporting event in Pennsylvania developed measles. A subsequent investigation of 471 contacts identified 7 additional confirmed cases and 128 contacts, both children and adults, requiring vaccine [2] . The largest U.S. mumps epidemic in almost 20 years occurred in 2006, with 6584 cases reported, largely among college age adults [3] . More recently, an outbreak of mumps occurring at a New York City summer camp in 2009 resulted in 1521 cases [4] . These events serve as a reminder that vaccinepreventable illnesses remain a potential threat, even in a largely immunized population, and raise questions about subpopulations, such as those with HIV infection, which may be more vulnerable despite vaccination.Despite limited data demonstrating safety and efficacy of MMR vaccination in HIV-infected individuals, the vaccine is currently recommended by both the Advisory Committee on Immunization Practices (ACIP) and the World Health Organization (WHO) for all asymptomatic HIV-infected persons without evidence of severe immunosuppression (defined as CD4 cell count ≤200 cells/L by ACIP) and for whom measles vaccination would otherwise be indicated, and vaccination should also be considered for mildly symptomatic HIV-infected individuals [5] [6] [7] . Several case reports demonstrated severe complications from the use of varicella, vaccinia, Bacille Calmette-Guérin (BCG), and measles vac-cines in HIV-infected adults, which lead to concerns about use of live vaccines in HIV-infected individuals with severe immunodeficiency [8] [9] [10] [11] . However, more recently, several investigations have reported the safe use of live vaccines in HIV-infected children and adults, specifically with varicella, influenza, BCG, yellow fever, and measles [12] [13] [14] [15] [16] [17] [18] . These studies have largely included those with preserved immune function, as reflected by relatively high absolute CD4+ T-cell (CD4) counts, and many individuals who were also treated with HAART.
Investigations of measles, mumps, or rubella vaccines in HIVinfected adults have demonstrated overall safety, but have been limited by the small numbers of subjects (a combined total of 71 individuals, 69% of which were not on HAART), use of different vaccine preparations than those used currently, short durations of follow-up and limited data on HIV viral load (VL) changes following immunization [12, 16, 19] . Other risks may be of concern in those with higher CD4 counts, such as immune activation associated with transient increases in VL and detrimental secondary effects on HIV progression, although studies with various non-live virus vaccines, primarily influenza, have shown that even when demonstrated, changes in CD4 cell count or VL are transient [20] .
While studies of lymphocyte responses in healthy children have shown that measles vaccination results in a significant increase in the absolute CD8+ T-cell (CD8) count, a decrease in the CD4:CD8 ratio, a decrease in percentage of CD4+ T cells (CD4%), and an overall suppression of lymphoproliferative responses that can persist for up to 2-3 years post vaccination [21] [22] [23] , similar investigations in HIV-infected adults are limited. In one recent study, there was no detectable change in CD4 counts through 12 months after MMR vaccination of 26 HIV-infected adults, but only 4 subjects were not on HAART [19] . In a case-control study in 1993, 39 HIVinfected prison inmates and 17 healthy controls were vaccinated with measles-rubella vaccine, and no difference in clinical adverse events or alterations in CD4 or CD8 lymphocytes between groups were seen, but follow up was limited to 3 weeks [16] . In 1994, Wallace et al. vaccinated 6 members of the U.S. Navy and Marines against measles and reported their CD4 counts at baseline and at 12 months [12] . Data on VL changes following MMR vaccination are even more limited, with only one study reporting whether subjects on HAART were suppressed or not suppressed [19] . Data regarding those not on HAART to our knowledge are not published. Of note, while vaccine seroresponse rates in HIV-negative adults are approximately 95% for measles [24] , and 79-95% for mumps [4] , the studies highlighted above for HIV-infected adults report suboptimal seroresponse to measles vaccination varying substantially between 0 and 80%. Studies regarding mumps and rubella vaccination seroresponse rates in those with HIV are yet more scarce and primarily limited to children [15, 16, [25] [26] [27] [28] [29] .
We conducted an analysis of data and serum samples from HIV-infected U.S. Department of Defense beneficiaries in order to further characterize the effect of MMR vaccination on CD4 counts and on serum VL, and also to describe the prevalence of measles, mumps, and rubella seropositivity and response to MMR vaccination in HIV-infected adults.
Methods
The U.S. Military HIV Natural History Study (NHS) is an ongoing, continuous-enrollment, observational cohort of HIV-infected Department of Defense beneficiaries followed at six military medical centers in the United States and has been previously described [30] . Enrolling since 1986, the NHS has over 5000 participants with signed, written consent. Following enrollment patients are seen every six months. Data collected at each visit includes demographic information, past and interim medical histories and illnesses, medications, vaccinations, and standard clinical laboratory studies. This study was approved by a central institutional review board as designated by the individual centers.
To assess the effect of MMR vaccination on CD4 count and VL, we conducted a retrospective case-control study. Cases were defined as NHS participants who had a documented MMR vaccination following the date of HIV seropositivity with a CD4 count available within 3 months prior to the date of vaccination. HIV-positive controls from the NHS who had not received MMR vaccination after HIV seropositivity were matched to cases in a 2:1 ratio. Baseline was defined as the date of vaccination for cases and matched as an index date to the time post HIV diagnosis for controls. In addition to duration of HIV infection prior to baseline, controls were matched to cases for gender, age at HIV diagnosis within 5 years, baseline CD4 count within 20%, baseline VL within 1 log 10 , and HAART use (yes/no) at baseline. For 3 cases in which all matching criteria could not be satisfied, gender and HAART use was omitted from the criteria. HAART was defined as any three drug combination expected to be active against HIV-1 similar to previous investigations [31] .
A two-way ANOVA was used to assess the effect of MMR vaccination on changes in CD4 count and VL. At each time point, the case and at least one of two matched controls in each triad required a value for the outcome to be included in the analyses. Thus, cases were compared to controls within each matched triad and pooled. Separate analyses were done for changes in CD4 count, CD4%, CD4:CD8 ratio, and VL at 6, 12, 18, and 24 months. In addition, we performed a longitudinal analysis for each variable using all follow-up data. Since cases tended to be diagnosed with HIV infection later than their matched controls, analyses were also adjusted for year of HIV diagnosis (prior to 1996 versus 1996 or later) using general linear models. We also performed a subset analysis of cases and controls not on HAART at baseline.
To assess baseline seroprevalence of measles, mumps, and rubella and seroresponse to MMR vaccination, available NHS repository specimens from cases were utilized from the following time points: pre-vaccination and ≤3, 6, 12, and 24 months post-vaccination (±3 months). Serum samples from all available time points were thawed at room temperature and tested concurrently using commercially available enzyme immunoassays (EIA) for measles, mumps, and rubella IgG using appropriate controls (Diamedix Corporation, Miami, Florida) [32] [33] [34] . Seropositivity at baseline was defined as an IgG index value (IV) of ≥1.00 for measles and rubella, and ≥1.10 for mumps. Response to vaccination at any point through 24 months after vaccination was assessed using two different definitions, evaluated independently: (1) development of a reactive EIA in a participant who was nonreactive prior to baseline and (2) using an index ratio (post-vaccination IV/baseline IV) cut-off which was known to correspond to a four-fold increase in antigen-specific IgG in both seropositive and seronegative participants. Definition 2 of a vaccine response was evaluated because a significant number of participants were expected to have positive baseline EIA results due to receipt of MMR vaccine prior to HIV diagnosis. The index ratios indicating a positive response to vaccine according to the package inserts were ≥2.1 for measles, ≥1.6 for mumps, and ≥2.6 for rubella. The maximum index value in the linear range for each assay was 5.0 for measles and rubella, and 4.1 for mumps. Therefore, the index ratio could not be calculated (i.e. the antigen seroresponse under Definition 2 could not be assessed) when either the baseline or post-vaccination IV was greater than the linear range limit. Vaccine response rates were reported with 95% confidence intervals (CI). Statistical analyses were performed using SAS software (version 9.2).
Results
63 patients were identified as having received the MMR vaccine after documented HIV seropositivity. Of those, 49 had CD4 f Lower limits of detectable were <50 or <400 copies/mL depending on date/generation of assay. count determination within 3 months prior to vaccination and were included in the analysis. Using pre-specified criteria, 98 controls were identified and matched to immunized participants ( Table 1) . Year of immunization ranged from 1990 to 2008 (median 2001). Baseline VL was unavailable for 7 cases, most of whom were immunized prior to 1996 when VL assays were not clinically available.
The results of the matching produced cases and controls with similar levels of CD4 and VL at baseline. Other factors were also similar. Overall VL measurements were similar for cases and controls with an average differential change of −0.04 ± 0.18 log 10 copies/mL over the follow up period (p = 0.82; Table 2 ). Analysis of the subset of participants not receiving HAART again showed no significant differences (data not shown).
CD4+ T-cell count and HIV viral load changes
Of the 5 cases with CD4 count <200 cells/L at baseline, all were alive at 24 months and one had been hospitalized for Pneumocystis jiroveci pneumonia at 6 months. Three of the 5 were on HAART at the time of MMR immunization. Pre-immunization CD4 counts ranged from 125 to 188 cells/L with 6 month post-immunization CD4 cell counts ranging from 26 to 243 cells/L (p = 0.66 by paired t-test).
Seropositivity to measles, mumps, and rubella and responses to vaccination
Twenty-one (43%) cases had frozen repository samples available for serologic testing at baseline ( Table 3 ). The mean CD4 count in this group was 620 ± 231 cells/L; none were less than 200 cells/L and 9 (43%) were less than 500 cells/L. Fourteen (67%) were on HAART and 11 (52%) had undetectable VL. Fourteen (67%; 95% CI, 47-87), 19 (91%; 95% CI, 78-100), and 20 (95%; 95% CI, 86-100) were seropositive at baseline for measles, mumps, and rubella, respectively. Three (43%) of the 7 cases seronegative for measles and 1 case each for mumps and rubella developed a positive IgG following vaccination (vaccine response Definition 1). No subject was seronegative to more than one vaccine component at baseline and no patient who was initially seropositive lost immunity during the study period (data not shown). Not all 21 cases with available sera could be assessed for vaccine response using Definition 2, assessing fold-change in IgG, due to EIA reactivity above the linear range at baseline (5 (24%) for measles, 9 (43%) for mumps, and 4 (19%) for rubella). For those in whom vaccine response could be assessed using Definition 2, response rates were low: 13% for measles, 17% for mumps, and 12% for rubella (Table 3 ).
Discussion
Our retrospective cohort study is the first reported to compare effects of MMR vaccination on CD4 count in HIV-infected adults with HIV-infected controls not receiving the vaccine. Belaunzarán-Zamudio et al. showed a trend toward an increased mean CD4 count following MMR vaccination, but without a control group for comparison it was unclear whether the observed CD4 count trend was related to vaccination. In our study, where vaccinated cases and unvaccinated controls were matched for several variables including baseline CD4 count, VL, and HAART use we found a similar trend in our vaccinated participants. These findings were associated with parallel changes in the CD4:CD8 ratio and CD4%, although the latter was not statistically significant. This may indicate an overall beneficial effect of vaccination, but given previous studies showing the opposite effect in healthy children and considering the difference was not observed until a full 18 months post-vaccination, it would seem more likely that this was due to confounding, such as possible differences in the potency of HAART regimens or other factors. We attempted to correct for this difference by adjusting our analyses for era of HIV diagnosis and found little change in the results. Despite our somewhat small sample size, our results suggest that any impact of MMR vaccination on CD4 cell count is likely to be small and unlikely to be detrimental.
While co-infections and vaccinations are often associated with transient increases in HIV VL [35] , HIV replication has ironically been shown to be transiently suppressed in the acute phase of measles infection in children through measles virus-induced inhibition of lymphocyte proliferation [36] [37] [38] [39] . From our study, it appears that MMR vaccination does not significantly impact VL, although we were limited by low number of subjects not receiving HAART, by unavailable VL data during the follow-up period, and by long follow-up intervals that may have missed short-term effects of vaccination. This is, however, in agreement with other studies reporting a similar lack of VL change after measles-rubella vaccination in 11 Ugandan children [40] and continued viral suppression in HAART-treated adults after MMR vaccination [19] .
We found a relatively high seroprevalence to mumps and rubella, likely reflective of immunization practices in the United States, both for the general population and the military. From 1989 until recently, the majority of U.S. military service members have received MMR immunization at the time of enlistment regardless of prior vaccination [41] . As many of our study participants entered military service after 1989, many likely received at least 1 MMR dose prior to HIV diagnosis. The high seroprevalence to mumps and rubella (both greater than 90%) suggests that adults vaccinated (or exposed, as 3 of our cases were born before 1957) prior to acquisition of HIV infection may retain immunity.
Unlike the high rates for mumps and rubella, however, we found a seroprevalence rate of 67% for measles. Previous studies have estimated that up to 12% of HIV-infected adults in the U.S. lack antibody to measles virus, and would therefore be susceptible to infection [42] [43] [44] . Our low observed rate of measles seroprevalence was unexpected, but our sample size was also relatively limited, yielding a wide 95% confidence interval with an upper bound which approached reported estimates. However, when considering that we captured only those subjects who were vaccinated, one might also consider it somewhat surprising that the majority were seropositive for measles prior to immunization. Considering the rates of baseline seroprevalence for all three antigens, screening HIV-infected adults in the U.S. military for seropositivity to vaccine antigens prior to immunization may be justifiable. Such a practice may also be reasonable for other HIV-infected adults in the US with relatively preserved CD4 counts who likely received MMR vaccine prior to HIV diagnosis.
While data on mumps seroprevalence among HIV-infected adults in the U.S. has not been previously reported, the seroprevalence rate of 91% which we found was similar to that of the general U.S. adult population [3, 45] . This is marginally sufficient for the estimated 88-92% threshold required for mumps herd immunity. In light of recent mumps outbreaks, some have proposed providing additional doses of vaccine as a possible control measure despite high seroprevalence [3] . Unfortunately, the low response rate to mumps vaccine that we observed in HIV-infected adults, many of whom were already seropositive, may preclude use of this as a strategy for preventing mumps infection in those with HIV or controlling an outbreak in this patient population, although our results should be confirmed.
We found low response rates to all antigens regardless of the definition used. Previous reports addressing antibody response to measles vaccination in HIV-infected adults have been limited by small numbers and difficult to compare due to differing definitions of seroresponse. Wallace et al. reported only two of six previously vaccinated, yet measles-seronegative HIV-infected men responded to revaccination [12] , whereas Sprauer et al. reported serologic response in none of 39 HIV-infected inmates vaccinated with measles-rubella [16] . Both studies were prior to the HAART era. In a more recent study where 85% of subjects were treated with HAART, greater than 80% of HIV-infected subjects had developed a seroresponse at 3 months, although the majority lost protective antibody titers by 12 months [19] . Wallace et al. and Belaunzarán-Zamudio et al. defined seroresponse as change from negative to positive EIA result (similar to our Definition 1), which may overestimate the true immune response, while Sprauer et al. used paired sera to define response (similar to our Definition 2), which may underestimate the true immune response. It is therefore likely, that differences in the definition of a response, as well as differences in study populations, particularly the use of HAART and previous exposure to MMR vaccine, account for discrepant rates of MMR vaccine responses seen in these studies. Not surprisingly, seroresponse rates in our small population, where approximately 55% of participants were receiving HAART and many were seropositive for vaccine antigens at baseline, were intermediate to those previously reported.
There were limitations to our retrospective cohort study. First, 6 month follow-up intervals may not detect short-term transient effects of vaccination on CD4 count or VL, although our goal was to assess long-term changes. Second, we used EIA for assessing MMR vaccine responses. EIA for measles and mumps have been shown to underestimate seropositivity when compared with the goldstandard, plaque reduction neutralization assay (PRN) [46] [47] [48] [49] [50] . Therefore, seropositivity as measured by PRN may be higher than what we observed using EIA. PRN assays, however, are expensive and labor-intensive and EIAs remain the recommended screening tests for measles, mumps, and rubella immunity although no definitive value has been established as a correlate of clinical protection [51] . The limited linearity of the EIA also made it impossible to assess paired samples with high baseline results, which may have led to an underestimation of response under Definition 2. Our sample size was somewhat limited, and not all subjects had samples available for EIA testing, impacting our ability to assess seroprevalence and vaccine responses. Due to these limited numbers, longitudinal analysis of seroresponse was unable to be performed as planned. We also did not assess cellular immune responses to MMR vaccination, which have been shown to be more persistent than and poorly correlated with humoral immune responses [19] , although the contribution of cellular immunity to vaccineinduced protection is unknown and no correlate of immunity has been defined [52] . Lastly, unique characteristics of our study population, including presumed high rates of MMR vaccination prior to HIV diagnosis, and high CD4 counts at baseline, may limit the ability to generalize our findings to other groups of HIV-infected individuals.
In summary, for HIV-infected adults receiving MMR vaccine with relatively preserved CD4 counts, or receiving HAART, there appears to be low risk of detrimental alterations in CD4 count or VL for 24 months following immunization. However, whether seronegative or seropositive prior to vaccination, response rates to each antigen also appear to be low, raising the question of whether or not MMR vaccination in HIV-infected adults would be clinically effective. Fortunately, the majority of individuals in our study were seropositive for these vaccine antigens, suggesting that they would be protected from developing disease if exposed.
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